In this work, engine flame topological development was studied to improve the understanding of flame growth in directinjection engines, in particular when operated under homogeneous-charge and spray-guided stratified-charge combustion conditions. Flame wrinkledness is one of the most important and poorly understood engine combustion phenomena. Generally, a flame may wrinkle for two reasons: (1) its own natural instabilities and/or (2) through interaction with turbulent flow. The relative contribution of these two causes toward flame wrinkledness in the engine environment was unclear, so targeted experiments were performed to provide some clarity. The development of flame wrinkledness within an optically accessible engine was measured with a combination of planar laser-induced fluorescence and stereo particle image velocimetry under homogeneous-charge and stratified-charge conditions. Using the resulting data, equivalence ratio, charge velocities, and flame wrinkledness were quantified and analyzed. For the iso-octane-toluene mixtures studied, flame wrinkling was insensitive to thermo-diffusive flame front instabilities. The relative contribution of wrinkles of various spatial scales toward overall flame wrinkledness was also measured. Homogeneous-charge flames generally had lower wrinkling factors than stratified-charge flames. Overall, flame wrinkledness increased with flame size under both modes of engine operation. Large flames demonstrated an ability to maintain more large-scale wrinkles than small flames, which contributed to their overall higher levels of wrinkledness.
Introduction
Increasing the cleanliness and efficiency of engines is challenging. It has taken decades of mostly trial-anderror-based designs to build the engines used on the road today, and pushing the limits of current technology often requires a greater understanding and control of flames than exists. [1] [2] [3] Even though fundamental combustion science and combustion theory is steadily developing, it is difficult to apply this knowledge in practical designs due to the complexity of flames under internal combustion engine conditions. We are only beginning to enter an age where our understanding of combustion science can readily be applied to design through the medium of predictive computational simulation and modeling.
The successes of engine ''flamelet'' modeling demonstrate that it is often appropriate to approximate engine flames as thin, moving contours. 4 Flamelet fronts can be treated as wrinkled/corrugated contours that propagate normal to themselves. 5, 6 Any region of the contour propagates at its stretched laminar flame speed. As such, the overall burn rate of a flamelet varies proportionally to the flame front's overall surface area. Flame wrinkling processes tend to increase flame surface area and in engines often lead to burn rates that are many times the values expected based on laminar flame propagation. Therefore, it is essential that flame wrinkling processes become well understood if engine combustion models are to become predictive.
Flames can wrinkle due to their own natural instabilities [7] [8] [9] or due to their interaction with turbulent flow. 5, 10 Even in the absence of turbulence, there are mechanisms that cause a flame front to become unstable and wrinkle. One such mechanism, often described as a thermo-diffusive instability, results from an imbalance between thermal and mass diffusivity, which causes flame front perturbations to be accentuated for mixtures whose Lewis numbers are less than unity. 11, 12 These differences lead to a build-up or starvation of reactive small species, such as hydrogen atoms and hydroxyl radicals when flames are curved. In turn, combustion rates can locally increase or decrease and therefore lead to an accentuation or smoothing of initial wrinkles in the flame contours. Turbulent flow-to-flame-based wrinkling processes are complex and generally dependent on the strength, scales, and duration of interaction between the flow and the flame. 5 The entire field of turbulent flame wrinkling is still in a state of discovery.
Homogeneous-charge engine flame wrinkling processes have been studied, [13] [14] [15] but the role of fuel-air equivalence ratio-driven thermo-diffusive instabilities remains incompletely understood and so they are investigated in this study. Flame wrinkling is especially poorly understood in spray-guided stratified-charge (SGSC) spark-ignited engine operation, and this is the first study to provide wrinkledness measurements in an SGSC environment.
Experiment
The topological development of engine flames was studied in an optically accessible engine under homogeneous-charge and stratified-charge conditions. Flame wrinkledness development was studied under homogeneous-charge conditions at three different equivalence ratios, which enabled an assessment of the effect of thermo-diffusive instabilities on the early flame development. Flame wrinkledness was also measured under SGSC conditions, from which the basic trends in SGSC flame topological development were characterized and comparisons between SGSC flames and homogeneous-charge flames were enabled.
Engine details
The experiments were performed in a single-cylinder, four-valve, pent-roof cylinder head engine that was designed to provide realistic, production-like in-cylinder conditions and extensive optical access to the engine's combustion chamber. The engine was equipped with a fully transparent cylinder liner and windows in both the piston and on the side of the cylinder head so that a centrally located 30-mm wide section of the combustion chamber could be viewed from the piston bowl base up to the surface of the cylinder head. 16 To operate in SGSC mode, an eight-hole, 90°spray angle direct-injection fuel injector was installed into the cylinder head and targeted toward the spark plug such that two of the injector's plumes passed in a ''straddled'' orientation within close proximity to the plug. Under homogeneous-charge conditions, the fuel injector was enabled during the intake stroke; under stratified-charge conditions, the fuel injector was enabled late in the compression stroke. A double-pinned spark plug with a 4.6-kO internal resistance and 1.3-mm gap spacing is positioned slightly off the cylinder axis on one side, while the injector sits on the opposite side of the cylinder axis. The inductive ignition system delivered an average energy of 45 mJ per discharge. Spark voltage and current were measured with a digitization rate of 500 kHz. 17 The engine operation parameters were optimized under low-load stoichiometric homogeneous-charge and extremely lean stratified-charge conditions. Then, three different homogeneous-charge conditions and one stratified-charge condition were chosen for this study. The homogeneous-charge conditions differed in their stoichiometry, which provided a spread in their thermodiffusive (Lewis number) properties. The respective properties for Lewis numbers were determined from flame chemistry calculations using CHEMKIN-PRO. It should be noted that flaws in the very definition of Lewis number have been recognized, for example, Haq et al. 18 noted that the Lewis number is ambiguous at f = 1 where there is no deficient reactant. A summary of the basic mechanical specifications and operational parameters used for this study is provided in Tables 1  and 2 .
The engine was instrumented with thermocouples, pressure transducers, and flow-meters. A hydraulic dynamometer was used to control the engine's speed. In-cylinder pressure was recorded every 0.5 crank angle degree (CAD), and engine performance parameters such as indicated mean effective pressure (IMEP) and heat release rates were calculated. More details on the engine instrumentation, experimental controls, quality assurance practices, and indicated parameter calculations used in this study can be found in Lillo. 
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Imaging setup
Planar laser-induced fluorescence (PLIF) imaging of toluene was used to visualize planar distributions of incylinder equivalence ratios. 20 Stereo particle image velocimetry (PIV) was used to measure in-cylinder flow velocities and to estimate turbulent length scales. It must be noted that for this study, only the in-plane (two-dimensional (2D)) velocity components were used. Additionally, the presence of PIV seed oil droplets was used to distinguish the burned and unburned gas regions. The simultaneous PLIF and sPIV measurements enabled identification of flames and their respective contours under both homogeneous and stratified-charge conditions. But for the sake of brevity, discussions of the sPIV results here will be limited to flow scale analysis which was performed separately with fuel injection but without spark ignition; further flow results, beyond what is relevant in the context of this article, can be found in Lillo.
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The toluene fluorescence signals were produced by a 0.5-mm-thick 266-nm light sheet, which was provided by a frequency quadrupled Nd:YAG laser (SpectraPhysics Quanta-Ray INDI-40-20). The laser energy was monitored on a shot-to-shot basis. The ultraviolet (UV) PLIF signal was recorded by an intensified camera (LaVision Imager Intense and IRO) that was fitted with 105-mm UV lens, a UG11, and two 275-nm-long pass optical filters. The sPIV system used a 2-mm-thick 532-nm laser light sheet, which was produced by a doublepulsed frequency doubled Nd:YAG laser (Litron Nano T120-15). Spatial resolution of the sPIV system is 0.7 mm based on a 32 3 32 pixels 2 interrogation window size.
The temporal pulse separation for the PIV lasers was adjusted to be 40 ms for homogeneous conditions and 4 ms for stratified conditions. Both laser sheets were about 30 mm wide and were introduced vertically into the combustion chamber through the Bowditch piston. Two scientific CMOS (sCMOS) cameras (LaVision sCMOS), equipped with 200-mm lenses (Nikon AF Micro), were operated at f/22 at a focal length of about 1 m. They were both fit with Scheimpflug adapters to enable the proper angled focus and 532-nm bandpass filters to minimize the collection of undesirable light. The small stereo angle of 30°was chosen to provide the two cameras with the maximum field of view inside the engine. However, it is a smaller angle than is typically used for stereo measurements, though for this analysis and discussion of flame wrinkling this was not a limiting restriction since we only used the 2D in-plane information. A schematic of the optical setup is provided in Figure 1 .
The lasers, cameras, and engine were synchronized to each other with 0.5 CAD temporal accuracy using a programmable timing unit and control software (LaVision PTU and LaVision DaVis). The imaging systems were operated at an acquisition rate of one image every other cycle. One hundred cycles were imaged during every test, and all tests were repeated three times. The results presented in this study, unless otherwise noted, represent the ensemble average of 300 cycles.
Images were acquired in two different laser sheet planes, which were both offset in the direction of the camera relative to the cylinder centerline. The sheet locations are shown in Figure 1 . The 3-mm offset plane provided a near-cylinder centerline viewing perspective and the 10-mm plane a second perspective, which captured the development of two additional fuel plumes. The 3-mm offset imaging plane was imaged under both homogeneous and stratified-charge conditions and the 10-mm offset plane was only imaged under SGSC conditions.
Image timings were chosen for all four (three homogeneous-charge and one stratified-charge) conditions to provide good views of the developing flames. The first 10% of mass fraction burned was imaged under homogeneous-charge conditions and the first 60% under stratified-charge conditions. The flames were outside the field of view beyond these times.
Image analysis technique
The PLIF images were processed into equivalence ratio fields, and the paired sPIV images were processed to reveal air flow velocities. These were then further analyzed for turbulence properties and burned/unburned regions. The sPIV and PLIF post-processing procedures were performed with a combination of commercially developed DaVis 8.2 software and customdeveloped MATLAB algorithms. The sPIV analysis used a multi-pass scheme with decreasing interrogation . Despite a 75% overlap between adjacent windows, the spatial in-plane resolution is taken as the full interrogation windows size.
A flat-field calibration procedure was used to quantify the PLIF signals in terms of equivalence ratio using motored homogeneous operation as a reference baseline. 21 Although the in-plane resolution is higher, the light sheet thickness of 0.5 mm was taken as the limiting spatial resolution. The literature data [22] [23] [24] were used to quantify the effects of in-cylinder pressure, temperature, and oxygen quenching on the PLIF signal. It is noted that a sign error in the last term of the temperaturedependent term B 3 (T) reported by Faust et al. 24 was identified and reported to the authors. In addition, background signal and measured laser pulse energy corrections were applied to each image to achieve a total uncertainty in the equivalence ratio measurements of an estimated 29%. More details of the PLIF and sPIV processing procedures are described by Lillo. 19 For every set of temporally coincident PLIF and sPIV images, the information gained was spatially combined to show the location of flame fronts. Spatial areas were identified to be actively burning when the PLIF system indicated the presence of a flammable mixture within half a millimeter proximity of an sPIVindicated burned gas region. Once an actively burning area was recognized, flame contours were defined within the PLIF image along the border of flammable fronts, defined at contours with f50.6, and then the contours' topological information, such as overall flame wrinkledness and the relative contribution of various scale wrinkles toward the overall wrinkledness, were extracted.
The scale and magnitude of wrinkledness needed to be determined from the flame images. The flame wrinkledness factor was defined as
where the ''laminar'' and ''turbulent'' flame perimeters were determined by applying a low-pass Gaussian spatial filtering technique that is based on previously published concepts. 15 The method is driven by the idea that turbulent flame wrinkles and laminar flame structures occur on spatially separable scales and can therefore be partitioned in Fourier space. Therefore, a highly low-pass spatially filtered version of a 2D flame image should serve as a decent representation of an equivalent laminar flame that may be used to quantify The turbulent flame perimeter was measured after the flame image was subjected to a 0.5-mm Gaussian low-pass spatial filter, which removed the image noise but maintained the fidelity of flame topology that was within the in-plane resolution of the imaging system. Conceptually, the definition of an ''equivalent laminar flame perimeter'' (within a 2D image) is only clear for a few canonical flame geometries. For example, for an unrestrained outwardly propagating flame, the obvious choice of contour geometry would be a circle of equal burned gas area. However, for an engine flame, the choice is more complex. Engine flames are often forced to conform to moving physical boundaries and regularly exhibit open (unclosed) flame contours, typically in the peripheral regions of the chamber whereas all combustibles have been spent. The laminar perimeter was measured based on a wrinkle-free representation that resulted from processing the flame image by the step-wise Gaussian low-pass spatial filtering process as shown in Figure 2 . There are two ways to apply this basic low-pass filtering approach. The first way, which was used by Ziegler et al., 15 is to define a flame contour and then to spatial filter the flame contour itself (filtering of a 2D contour/curve). The second approach, which was used in this study, is to filter the entire binary flame image and to fit contours as is necessary. The mathematical approach to contour filtering that was demonstrated by Ziegler et al. requires a closed flame contour. The image filtering approach used in this study does not.
The spatial filter cut-off threshold used to define the laminar representation of each flame was made algorithmically on an image-by-image basis. 19 Spatial filters larger than the size of the images are not meaningful, 25 and as the example sequence in Figure 2 shows, the contour lengths approach an asymptotic value as that size is approached. The spatial frequency separation between the laminar and smallest resolved turbulent spatial scales was large, and the wrinkledness results were shown to be relatively insensitive to this choice as will be shown further below. 19 Thus, the choice of laminar spatial filter threshold, while somewhat arbitrary, is not sensitively affecting the results. The choice to title the low-pass spatial frequency representations of the flames as ''laminar'' is technically debatable but consistent with prior studies 5 including Damko¨hler's 26 foundational study on the effect of turbulence on flames. The overall flame wrinkledness was determined based on the turbulent and laminar contour lengths, and the contribution of intermediate scale wrinkles on overall wrinkledness was determined by comparing the perimeter lengths of intermediate scales (such as the 1-, 2-, and 5-mm images in Figure 2) . Wrinkledness of the fuel jet was determined similarly after binarization of the fuel images with a threshold of f = 0.45, taken as the lower limit of the confidence interval for an ignitable mixture at f = 0.6. Turbulent length scales were estimated based on the in-plane sPIV velocity results. More specifically, a twopoint correlation method was used, based on the methodology described by Pope, 27 to define a point-wise autocorrelation field based on equation (3) . Equation (3) was applied to the velocity components (u or v) at reference points (x, y) which lied on the vertical and horizontal crossing lines of another point (x + d, y) or (x, y + d) a distance d away. The point-wise turbulent velocity components u (x, y, t, N) i , root mean square (RMS) velocity componentsũ (x, y, t) , and resulting length scales were calculated based on 40-cycle (N = 40) motored sPIV tests. With the autocorrelation function defined over the entire field of view, the point-wise integral and Taylor length scales were defined by equations (4) and (5) and with some additional mathematical polynomial fit procedures described in detail by Zhuang et al. 28 R(x, y, t) = 1 N À 1
L(x, y, t) =
Equations (4) and (5) were applied to the autocorrelation fields in the longitudinal (X-axis oriented) direction, which yielded point-field estimates of the integral, and Taylor length scales, examples of which are shown in Figure 3 . The longitudinal length scale estimates from triplicate tests were spatially averaged to provide the sPIV-based scalar length scale results listed in this study.
It is recognized that the spatial resolution of the sPIV measurement is on the order of the Taylor microscale. Therefore, the reported values are expected to be overestimated, and in some cases, supplemental statistical estimates were made based on equation (6) 
Results
Homogeneous-charge results
Flame image examples for homogeneous-charge conditions (f = 0.8, 1.0, 1.25) are shown in Figure 4 with their turbulent and laminar contours highlighted in red and cyan, respectively. Flames under rich conditions with a less than unity Lewis number are thermodiffusively unstable. For lean conditions, the Lewis number was greater than unity and the flames are thermo-diffusively stable. Determining the flame wrinkledness for turbulent flame perimeters that were obtained with progressively smaller-sized spatial filters reveals that major contributions to wrinkling are made by flow structures smaller than 10 mm, as shown in Figure 4 . In addition, Figure 5 also illustrates that the wrinkling factor is likely underestimated due to limited spatial resolution. One would expect a leveling-off at a maximum value.
Based on thermo-diffusive flame theory alone, the rich flames were expected to exhibit the greatest propensity to wrinkle and lean flames the least. This trend could not be qualitatively recognized and there was no visibly obvious difference in wrinkledness between the flame images. Quantitative wrinkledness measurement results for the same three conditions are shown in Figure 6 . Figure 6 (left) shows that on a temporal (crankangle) basis, the flames created under the lean condition were slow to develop wrinkledness relative to the stoichiometric and rich flames. The differences in their temporal wrinkle development rate can largely be attributed to differences in laminar flame speed and not topological phenomena. Figure 6 (right) shows that as a function of indicated mass burn fraction, all three mixtures developed wrinkledness at a similar rate. The marginal differences in wrinkle development rate that can be seen in Figure 6 (right) are actually counter to the thermo-diffusive stability trends, and they might be explained by differences in flame-to-flow interaction times provided by the mixtures' differing laminar flame speeds and overall flame size development rates. By approximately 7% mass fraction burn, all three mixtures developed a similar level of wrinkledness.
Therefore, despite the inherent differences in thermodiffusive stability of the three air-fuel mixtures, none of the mixtures demonstrated a propensity or resistance to wrinkling beyond that of their peers. Relative to flowinduced wrinkling effects, natural instabilities did not demonstrate an impactful role in the early homogeneouscharge flame wrinkledness development processes.
The step-wise spatial filtering process demonstrated in Figure 2 was used to quantify the relative contribution of wrinkles of various diametric scales toward overall flame wrinkledness. 30 As depicted in Figure 5 , wrinkles with diameters of 0.5-6 mm were found to be responsible for more than 90% of the wrinkledness for all homogeneous-charge conditions.
The length scale trends visible in Figure 7 are consistent with prior studies, for example, by Zhuang et al., 28 Fraser et al., 31 and Aleiferis et al., 32 for various engines. Throughout the tests, the spatial average in-cylinder integral scales measured 3-6 mm and the Taylor microscales were 0.75-1.5 mm, although the Taylor microscale might be overestimated due to the resolution of the sPIV system which was limited to approximately 1 mm by the size (0.7 3 0.7 mm 2 ) of the sPIV interrogation window and sheet thickness (2 mm). The homogeneous-charge flames predominantly wrinkled on the same scales as the turbulent in-cylinder flow, and turbulent flame-to-flow interactions are thought to be responsible for the bulk of the flame wrinkledness development observed in this study.
Stratified-charge results
Examples of processed stratified-charge images are shown in Figure 8 . Remember that these images are the resultant of information gained from both the PLIF and sPIV systems. Within the images, the burned gas regions are indicated in gray, equivalence ratio is shown on an RGB color scale, and the flame fronts are highlighted by white traced red contours.
The two imaging planes provide different perspectives on the stratified air-fuel mixing and combustion events. The 10-mm offset plane images revealed the development and combustion of two fuel jets, presumably one of which was directly ignited by the spark plug and the other one indirectly by other burning jets since it is not near the spark plug. The 3-mm offset plane images revealed the progression of two fuel jets in a region where they impinged strongly upon the piston top.
The quantitative flame wrinkledness results for the stratified-charge condition are summarized in Figure 9 (left). The entire flammable regions of the fuel jets were extracted from the PLIF images and subjected to the same wrinkledness quantification method as were the flames. The result is shown in Figure 9 (right) further below.
The 3-mm offset plane stratified-charge flame results shown in Figure 9 (left) show an increasing-decreasing trend in wrinkledness. This marginal late cycle decrease in wrinkledness was unique to the stratified-charge condition and was not recognized under any of the homogeneous-charge conditions (see Figure 6 ). Within the 3-mm offset imaging plane, the marginal wrinkledness reduction late in the stratified-charge engine cycle was the result of large-scale (4 + mm) wrinkle loss. This loss can be attributed to the developed stratifiedcharge flames' natural tendency to reduce in overall scale with reactant consumption as the flames were primarily propagating inwardly. As stratified-charge combustion approached completion, the remaining flames were simply too small to maintain their large-scale wrinkles and so wrinkledness was lost. Figure 9 (right) shows that the 3-mm offset plane fuel jets initially exhibited a high level of wrinkledness, which decreased throughout the engine cycle. The topology of the fuel jets approached that of the flames toward the end of the cycle, as would be expected as the fuel jet became engulfed in flames.
The 10-mm offset plane stratified-charge flame results shown in Figure 9 (left) showed an initial increase in wrinkledness and then a steady (within uncertainty) trend. The 10-mm offset plane fuel jet results in Figure 9 (right) showed a steady trend. Combustion of the 10-mm plane jets was not viewed to completion, and so it was not possible to determine whether the flames and fuel jets eventually also reduced in wrinkledness late in the engine cycle. It is likely that the spray and flame wrinkle dynamics observed in the 10-mm offset plane jets, which differed from those of the 3-mm offset plane jets, were influenced by the strong spray-to-bowl interactions that can be visibly recognized within the 10-mm plane images (Figure 8 ).
Wrinkledness and flame scale measurements from both imaging planes at all timings showed that stratified-charge flame wrinkledness tended to increase with flame size. Larger flames proved capable of supporting larger scale wrinkles, which contributed toward overall flame wrinkledness. Figure 10 shows that no correlations could be found between local equivalence ratio distributions and flame wrinkledness, which suggested that thermo-diffusive stability effects played a secondary role under stratified-charge conditions. The increasing integral length scales shown in Figure 11 (left) are counter to those observed under homogeneous-charge conditions (Figure 7 ), but they are consistent with what might be expected based on the breakdown and dissipation of the high momentum in-cylinder fuel spray. The Taylor length scale results in Figure 11 (right) show a similar increasing trend in the 10-mm imaging plane but not in the 3-mm plane. However, the Taylor length scale results are thought to be too high due to resolution limits of the sPIV system. Therefore, calculations were made based on RMS velocity fluctuation statistics using equation (6) . 29 This resulted in estimates of the Taylor length scales ranging from 0.3 to 1.5 mm, depending on the image timing and plane. This confirms our expectations that the Taylor microscales from the two-point correlations might be somewhat too large. At the same time, it needs to be kept in mind that the relationship assumes isotropic turbulence, a condition that is not strictly fulfilled at the scales under investigation here.
The contributions of various scale wrinkles on overall wrinkledness were assessed, and 0.5-6 mm wrinkles were found to be responsible for more than 90% of the measured wrinkledness at all conditions as shown in Figure 12 within the accessible dynamic range.
Flame wrinkle and turbulent flow scales indicate that the flames predominantly wrinkled on the scales of the turbulent in-cylinder flow. Based on the observations Figure 8 . Examples of optical imaging results of equivalence ratio and burned gas in-cylinder distributions with turbulent flame contours identified for stratified operation.
described here, turbulent flame-to-flow interactions are thought to be responsible for the bulk of the flame wrinkledness observed under stratified-charge conditions.
Summary and conclusion
Engine flame topological development was studied in an optically accessible spark-ignition direct-injection engine with PLIF and sPIV under lean/rich homogeneous-charge and stratified-charge conditions. A wrinkledness measurement technique was applied to the flame images, and turbulent length scales were extracted from the velocity field information.
For the homogeneous-charge flames, despite the inherent differences in thermo-diffusive stability of three air-fuel mixtures, none of the mixtures demonstrated a propensity or resistance to wrinkling beyond that of their peers. Relative to flow-induced wrinkling effects, natural instabilities did not affect the early homogeneous-charge flame wrinkledness. Flames predominantly wrinkled at the scales commensurate with the integral length scale, measured to be 3-6 mm and the Taylor microscales of 0.75-1.5 mm. Flame wrinkles between 0.5 and 6 mm were responsible for more than 90% of the wrinkledness at all conditions. Stratified-charge flame wrinkledness always increased from the first appearance of the flame until approximately the timing of the peak heat release rate. It was also observed to reduce later in the engine cycle. The wrinkledness reduction that occurred later in the engine cycle was largely the result of large-scale (4 + mm) wrinkle loss. This loss might be attributed to the flames' natural tendency to reduce in overall scale with time due to reactant consumption and the flames' inwardly propagating nature. Independent of engine timing or the plane of viewing, stratified-charge flames tended to increase in wrinkledness with overall flame size.
No correlation was found between stratified-charge flame wrinkledness and average flame front equivalence ratio. This inconclusively suggests that the topological effects related to equivalence ratio, such as those related to thermo-diffusive stability gradients, played a secondary role in the wrinkle development process of the SGSC engine flames observed. This agrees with the observations made in the homogeneous flames. Equally, stratified flames predominantly wrinkled at the scales commensurate with the integral length scale, measured to be 1.5-6 mm and the Taylor microscales 0.3-1.5 mm. Flame wrinkles between 0.5 and 6 mm were responsible for more than 90% of the wrinkledness at all conditions.
The flammable regions of the stratified-charge fuel jet tended to exhibit a higher level of wrinkledness than flames that were consuming them. The stratified-charge flames approached a similar level of wrinkledness as they grew to similar scales as the jet. The homogeneous-charge conclusions bode well for premixed early engine flame development models that neglect thermo-diffusive instability effects and for models that resolve flow and flame scale interactions on or below the Taylor length scale of the in-cylinder flow. The stratified-charge conclusions suggest that although it might be reasonable to develop an SGSC topological model based on premixed flame concepts, flame scale should be considered within the model as flame size played a significant role in determining the scale of sustainable wrinkles and subsequently the overall flame wrinkledness that was observed under SGSC conditions.
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